Permeabilization of biological membranes by pulsed electric fields ("electroporation") is frequently used as a tool in biotechnology. However, the electrical properties of cellular membranes at supra-physiological voltages are still a topic of intensive research efforts. Here, the patch clamp technique in the whole cell and the outside out configuration was employed to monitor current-voltage relations of protoplasts derived from the tobacco culture cell line "Bright yellow-2". Cells were exposed to a sequence of voltage pulses including supra-physiological voltages. A transition from a low-conductance (~0.1 nS/pF) to a high-conductance state (~5 nS/pF) was observed when the membrane was either hyperpolarized or depolarized beyond threshold values of around −250 to −300 mV and +200 to +250 mV, respectively. Current-voltage curves obtained with ramp protocols revealed that the electro-permeabilized membrane was 5-10 times more permeable to K + than to gluconate. The K + channel blocker tetraethylammonium (25 mM) did not affect currents elicited by 10 ms-pulses, suggesting that the electro-permeabilization was not caused by a non-physiological activation of K + channels. Supraphysiological voltage pulses even reduced "regular" K + channel activity, probably due to an increase of cytosolic Ca 2+ that is known to inhibit outward-rectifying K + channels in Bright yellow-2 cells. Our data are consistent with a reversible formation of aqueous membrane pores at supra-physiological voltages.
Introduction
The (transient) permeabilization of the cellular membrane by exposure of cells to a pulsed electric field of high intensity, usually known as "electroporation," is frequently used in biotechnological applications, for instance, in genetic engineering as a tool for introducing DNA into target cells [1] . Electroporation was also successfully employed to optimize the release of cellular ingredients from plant tissues, e.g., sugars from sugarbeet [2] , or to decontaminate waste water from bacteria [3, 4] . Despite numerous experimental and theoretical studies, many aspects of "electroporation" are still poorly understood, including the physical nature and the molecular properties of the pores generated by membrane charging [1, [5] [6] [7] [8] .
Usually, electroporation is studied by exposing a cell suspension to a homogeneous electric field generated by two external electrodes. Under these conditions, however, membrane charging is highly inhomogeneous. At the poles of a spherical cell, maximum deflections of the native membrane potential occur that are opposite in sign, depending on the orientation towards the cathode and the anode, respectively [9] . By contrast, the membrane potential remains unaffected at the cell equator. To study the electrical properties of cellular membranes at supraphysiological voltages, it would be most adequate to record transmembrane currents for homogeneous charging of the membrane. This can be achieved conveniently by applying the patch clamp technique in the whole cell configuration [10] . However, surprisingly few attempts have been made so far to make use of the patch clamp technique in research on electroporation. O'Neil and Tung [11] used voltage ramps in the cellattached configuration of the patch clamp technique to determine threshold potentials for membrane breakdown on cardiac tissue. Threshold potentials were highly variable, ranging from 0.6 to 1.1 V. Interpretation of the data was hampered by highly non-stationary conditions during voltage ramp application; moreover, the status of the cellular membrane in series with the patch, and the status of the seal (attachment of the membrane surface to the glass), were not well defined. Tovar and Tung [12, 13] repeated these patch clamp experiments using rectangular pulses of 5 or 10 ms duration, but the same critical points with respect to the status of the seal and the cellular membrane apply to those studies. More recently, Pakhomov et al. [14, 15] used the patch clamp technique to monitor effects of pulsed electric fields on membrane conductance, but these referred to membrane properties after pulse application.
So far, electroporation has been investigated with a medical background and a focus on mammalian cells, and much less work has been dedicated to plant cells, even though practical application of the technique also includes plant cells and tissues. In a series of early studies, Coster et al. [16, 17] investigated the effect of supra-physiological voltages on Characeen cells with voltage and/or current clamp technique using intracellular electrodes. They observed a strong increase in membrane conductance to chloride (see also reference 18) when the membrane was hyperpolarized beyond a threshold potential (−300 to −400 mV, depending on the temperature). This phenomenon is known as the "punch-through" effect. Later, Coster and Zimmermann [19, 20] found a strong reversible increase in membrane conductance in the giant marine alga Valonia utricularis when the membrane voltage exceeded a (temperature-dependent) "breakdown potential" of about +800 mV. So far, only few attempts have been made to study the effect of supra-physiological voltages on protoplasts derived from higher plant cells with the patch clamp technique. Meissner [21] , using isolated plant vacuoles in the "vacuole attached" (analogous to the "cell attached") configuration, observed electroporation of the patch enclosed by the pipette tip when the membrane was charged beyond about −300 mV and +250 mV. At these voltages, the rest of the membrane remained intact; further charging led to a complete electroporation of the vacuole.
In this study, we made use of the patch clamp technique to analyze the response of the plasma membrane to homogeneous charging, including supra-physiological voltages. We used protoplasts that were prepared from the tobacco cell line "Bright yellow-2" (BY-2) by enzymatic digestion of the cell wall [9] . We chose this cell line because it is a widely used model system in plant cell biology [22] . Patch clamp experiments were performed in the whole cell and the outside out configurations to avoid limitations associated with working on cell attached patches (see above). Current-voltage curves of the plasma membrane were obtained from 10 ms-rectangular pulses in order to identify the threshold potential for membrane permeabilization. Moreover, the ion selectivity of the electro-permeabilized membrane was studied using fast voltage ramps.
Materials and methods

Cell cultivation and protoplast preparation
As a model system, protoplasts derived from the tobacco cell line "Bright yellow-2" (BY-2) were used. Cell cultivation and protoplast isolation were basically performed as described previously [9] . Briefly, cells were grown at 25°C in a culture cabinet on 4.3 g/l MurashigeSkoog medium (basal salt mixture) complemented with 100 mg/l inositol, 30 g/l sucrose, 200 mg/l KH 2 PO 4 , 1 mg/l thiamin, 0.2 mg/l 2,4-dichlorophenoxyacetic acid, and solidified with 0.6% (wt./vol.) Phytagel ™ (Sigma-Aldrich, Taufkirchen, Germany). The pH was adjusted to 5.8. Cells were sub-cultivated every 3 weeks.
Cells were harvested for protoplast preparation at the age of 18-20 days and transferred to an enzyme cocktail consisting of (% in wt./ vol.) 1 cellulase, 0.1 pectolyase, 2 BSA, and 1 mM CaCl 2 . Osmolality was adjusted to 480 mosmol/kg using mannitol, as verified with a vapor-pressure osmometer (VAPRO 5520; Wescor, Logan, UT, USA). After 10 h incubation at 28°C in the dark, the suspension was diluted with washing solution containing 1 mM CaCl 2 and 480 mM mannitol and the suspension was centrifuged at 100g for 10 min (Heraeus Primo R centrifuge; Heraeus, Hanau, Germany); the sediment was resuspended in washing solution and washed in the same way a second time. Subsequently, protoplasts were allowed to equilibrate for at least 3 h in the bath medium used for patch clamp experiments (see below) to which 10 mM glucose and 10 mM sucrose had been added. In some cases, protoplasts were additionally purified using a sucrose gradient as described by Flickinger et al. [9] before they were transferred to the bath medium.
Patch clamp procedure
For patch clamp experiments, a standard setup was used including an EPC-10 amplifier (HEKA, Lambrecht, Germany) and an inverted microscope (Axiovert 200 M; Zeiss, Oberkochen, Germany). Micropipettes fabricated from borosilicate glass capillaries (Kimble No. 34500 99; Gerresheimer, Rockwood, TN, USA) were pulled with a 2-stepprocedure on a Narishige puller (PE21; Narishige, Tokyo, Japan) and filled with a solution containing (concentrations in mM) 120 Kgluconate, 10 concentration adequately. Standard patch clamp procedures in the whole cell and outside out configuration were applied [10] . Data were recorded with a personal computer (Maxdata) using the PatchMaster v2 ×32 software (HEKA). To explore the electrical membrane properties at supra-physiological voltages, rectangular pulses of 10 ms length were administered with negative and positive voltages at an alternating sequence. Starting at the maximum of − 1000/+1000 mV, the amplitude was successively decreased in 40 mV-steps. Alternatively, voltage ramp protocols were used, recording the current response of the plasma membrane. Low-pass filtering of the data at a cutoff frequency of 7.2 MHz was performed; the sampling frequency was adjusted to 66 MHz. In addition, K + channel activity was screened with 1.5 srectangular pulses ranging from −80 to+ 160 mV (2.7/10 MHz cutoff/ sampling frequency). Liquid junction potentials were corrected for using the procedure of Neher [24] .
Processing of patch clamp data
No attempt was made in whole cell experiments to compensate for cellular capacitance or series resistance (R s ) during data acquisition when 10 ms-pulses were applied. Instead of making use of the "R s compensation" function of the "PatchMaster" software, the effective voltage drop across the cellular membrane (V M (t)) was estimated ex post from the change in command voltage (ΔV comm ), the amplitude of the capacitive spike induced by the rectangular voltage drop (I 0 ), and the current amplitude at the end of the pulse (I(t)) according to
I o was extrapolated by fitting the capacitive current relaxation with an exponential function:
A voltage step of several hundred millivolts usually induced a sudden drop in membrane resistance (see below). In the majority of the experiments, the membrane resistance (R M ) roughly equalled the access resistance (R S ) under these conditions; as a consequence, R M and R S that are connected in series acted as a voltage divider, and onlỹ 50% of the command voltage dropped across the cellular membrane.
In some experiments, R S exceeded R M , (i.e., the command voltage predominantly dropped at R S instead of R M ); in these cases, the determination of V M was considered to be too error-prone, and the data were discarded. Current-voltage relations were extracted from current deflections elicited by a series of voltage pulses by plotting current amplitudes measured after 10 ms pulse duration against the corresponding trans-membrane voltage difference with the help of the software package "Origin" (OriginLab Corporation, Northampton, MA, USA). At supra-physiological voltages, large inward and outward currents were elicited. These currents deactivated rapidly when the voltage was returned to less extreme values. However, the permeabilized state of the membrane persisted when the voltage was rapidly shifted into the physiological range by imposing rapid voltage ramps. From the reversal potential (E rev. ; the voltage at which net ion transport is zero) of current-voltage relations obtained in this way, further information on the ion selectivity of the membrane at the permeabilized state could be deduced. To this end, the membrane was conditioned by a 10 ms-prepulse to establish the low-conductance or the high-conductance state, respectively. Subsequently, the command voltage was shifted into the positive range at a constant rate of 40 mV/ms. The current response I ramp consisted of a capacitive (I cap ) and a resistive (I res ) fraction:
For thermodynamic calculations (see below), the voltage at which I res. = 0 was of interest. To this end, I ramp had to be corrected for the capacitive component. For a ramp with a time-invariant slope, I cap renders a constant offset calculated according to [25] :
with C M being the cellular capacitance. Hence,
From the reversal potential, E rev. , at I res = 0, relative permeabilities of the membrane for K + versus gluconate can be estimated by using the Goldman equation [26] :
with P K+ /P gluconate being the relative permeability of the membrane for K + over gluconate. Indices "o" and "i" stand for "outside" and "intracellular," respectively. Note that this approach ignores putative membrane permeability to other ions (Ca 2+ , chloride).
Results
Current-voltage relations obtained from whole cell recordings
After establishing the whole cell configuration, the current response of a BY-2 protoplast to 10 ms-rectangular pulses of various magnitudes was recorded in order to elucidate electrical properties of the membrane at supra-physiological voltages. In Fig. 1A , a selection of 4 voltage pulses and the corresponding current traces is depicted for a typical experiment. Stepping the membrane to positive or negative voltages elicited a capacitive current spike that relaxed with a single-exponential time course as described by Eq. 2. At a moderate membrane polarization (e.g., at ±200 mV), the current level almost returned to the value measured before pulse application after about 2 ms. It should be noted that the trans-membrane voltage drop amounted to more than 90% of the applied command voltage at the end of the pulse. When the holding potential was re-established, a second capacitive spike of identical magnitude occurred but with opposite polarity. A more drastic polarization, e.g., at a command voltage of ±720 mV, however, induced a biphasic current response: After a (partial) decay of the capacitive spike, the current passed through a minimum but increased again at a time scale of several ms and tended to saturate at the end of a 10 mspulse in the majority of the experiments. The original current level was restored within 2 ms after the membrane was returned to the holding potential; for technical reasons, the time course of recovery could not be analyzed in more detail. In this case, the trans-membrane voltage drop only amounted to about 50% of the command voltage at the end of the pulse; the remaining part dropped at the series resistance, R S , connecting pipette lumen and cell interior (see Materials and methods).
From the total number of 51 rectangular pulses, a current-voltage curve was inferred for this protoplast as shown in Fig. 1B . The current , the effective trans-membrane potential difference calculated according to Eq. 1 (left column, solid line) and the current response of the cell (right column) are depicted in A for four different pulses. Intermittently, the membrane was clamped to −80 mV throughout the experiment. Note that after 10 ms pulse duration, the trans-membrane voltage drop was only 49% and 59% of the command voltage of +720 and −720 mV, respectively, applied via the patch clamp amplifier. By plotting the current amplitude at the end of the pulse (arrows in A) against the respective trans-membrane voltage difference for n =51 pulses, a current-voltage relation extending far beyond the physiological voltage range was obtained (B). Three segments of the curve could clearly be identified. A low-conductance range extended between the threshold potentials of -337 and +251 mV (arrows in B). Beyond these voltages, membrane conductance increased dramatically. For each segment, the IV-curve was well represented by a linear fit. The conductances calculated from the slopes of the linear fits (solid lines) are given in the figure.
amplitude measured after a pulse duration of 10 ms was plotted against the effective trans-membrane voltage difference. At intermediate voltages ranging between about − 300 and +250 mV, the IVcurve was flat; from the slope, a conductance of 1.9 nS was calculated by linear regression. Beyond this voltage range, however, the slope increased strongly, leading to a characteristic appearance of the current-voltage relation that is reminiscent of a varistor. Linear fits rendered conductances of 109 nS and 120 nS for the extreme negative and positive voltage range, respectively. Transition between the low and the high conductance state of the membrane occurred in a narrow voltage window that could not be quantified from our measurements; instead, a threshold potential was defined as the voltage at which the linear curve fits intersect. For the experiment shown in Fig. 1B , threshold potentials of −337 mV and + 251 mV were determined (arrows in Fig. 1B ). This pattern was confirmed in a set of 8 further whole cell experiments, summarized in Table 1 . Conductances were normalized to the cellular capacitance in order to eliminate effects of cell size. The experiments summarized here were performed at different holding potentials; between pulses, the membrane potential was either kept at moderately negative voltages (− 90 or − 80 mV) corresponding to a conductance minimum known to support membrane stability [27] , or it was clamped close to 0 (− 10 or 0) mV. No significant difference in conductances or threshold potentials was observed for these various holding potentials (not shown); therefore, data were pooled. Although the threshold voltages varied somewhat among individual experiments (compare, e.g., Fig. 1 with Fig. 5 below), they were always of the same magnitude. There appeared to be a slight asymmetry in the IV curves since the absolute value of the threshold potentials was slightly (but significantly at P = 0.01; Student's t-test) lower for membrane depolarization as compared to membrane hyperpolarization.
Current-voltage relations obtained from outside out recordings
Although a rather clear picture emerged from these whole cell experiments, it has to be kept in mind that some simplifying assumptions had to be made in order to arrive at these results (see Materials and methods), especially with respect to the calculation of the effective trans-membrane voltage drop. In order to circumvent this problem, we repeated the experiment on excised patches in the outside out configuration. In this configuration, the voltage difference imposed on the membrane was identical to the command voltage. Original traces obtained from one representative experiment are shown in Fig. 2A , and the corresponding current-voltage relation is depicted in Fig. 2B . When the membrane was stepped from 0 mV to ±160 mV, this was associated with a small shift in the steady current level. A more pronounced polarization in both directions elicited additional components of inward and outward currents that partly activated with a delay of a few milliseconds, in agreement with the whole cell recordings presented above. The same pulse sequence covering the voltage range between −400 and +400 mV was imposed several times and rendered somewhat different current responses, especially when the membrane was hyperpolarized. This is evident from the current-voltage curve plotted in Fig. 2B . In analogy to the whole cell recordings, conductance was low in the intermediate voltage range around 0 mV and increased strongly when thresholds of -240 and +239 mV, respectively, were exceeded. However, the conductances measured at these extreme values were reduced by more than 10-fold when compared to those found for the whole cell experiments. This was to be expected if those whole cell currents had actually been trans-membrane currents. In case they had mainly originated at the membrane-glass interface (i.e., from a dramatic drop in the seal resistance with extreme voltages due to a (reversible) damage of the seal), the current-voltage profile should have been largely the same in both patch clamp configurations (for a more detailed comparison of whole cell and outside out currents, see the Discussion). Outside out (mV), n = 3 Fig. 2 . Current-voltage relation of an outside out patch exposed to rectangular pulses of various magnitudes. Rectangular pulses of different magnitudes (left column) were applied to an outside out patch, and the current response (right column) was recorded; again, four representative pulses were selected for presentation in A. Note that the command voltage was identical to the trans-membrane voltage difference here since no voltage drop at the access resistance had to be taken into account, in contrast to measurements performed in the whole cell configuration (compare Fig. 1A) . A plot of the current amplitude after 10 ms pulse duration (arrows in A) against the pulse potential is shown in B. Different current amplitudes recorded at the same voltage result from repetitive application of the same pulse sequence extending from −400 to +400 mV. As shown above for whole cell recordings, three segments of the curve could clearly be discerned: a low-conductance segment ranging between −240 and +239 mV (arrows in B) and two high-conductance segments at the extremes. Linear fits to each segment are indicated by solid lines, and conductances calculated from the slopes are given in the figure. 3.3. Selectivity of the cellular membrane at supra-physiological voltages
It was of particular interest to identify the ions that carried large inward and outward currents beyond the threshold potentials. To this end, ramp protocols were additionally imposed as described in Materials and methods. The membrane was polarized for 10 ms to a constant voltage either below or beyond the threshold potential, both in the negative and positive voltage range; subsequently, the polarity was inverted by changing the voltage continuously with time ( Fig. 3A; compare Materials and methods for more details on the design of the protocol and data evaluation). As a result, current-voltage plots for the low-and the high-conductance states were obtained successively in whole cell recordings on the same protoplast as exemplified in Fig. 3B (showing the relevant detail of the entire voltage range covered by the ramps). It is obvious that the curves differed in slope by a factor of about 17 (1.9 nS versus 32 nS for the ramps started at prepulse potentials of − 100 and about −320 mV, respectively), indicating that the high-conductance state was, at least partly, retained during the ramp (even though voltage had entered the "intermediate" range). The current difference between the curves was obviously associated with a preceding membrane permeabilization by extremely negative voltages. Hence, the reversal potential of this additional permeability component was associated with the point at which the two IV-curves intersected, in this case at -26 mV ( Fig. 3B; arrow) . A similar value for the reversal potential was obtained in 10 other whole cell experiments (mean value ± SD, −27.7 ± 6.8 mV; n = 11). In two experiments not included in the statistics, deviating results were obtained (E rev . = 6 mV and −4 mV, respectively) for unknown reasons. When this experiment was repeated using positive prepulse potentials and subsequent voltage ramps with a negative slope, similar results were obtained for the reversal potential after processing the data as described in Materials and methods; IV curves intersected at − 22.4 ± 6.4 mV (mean value ± SD, n = 5). Intersection potentials obtained following membrane depolarization and hyperpolarization were not significantly different at P = 0.05 (Student's t-test) .
From the reversal potentials, relative permeabilities of the major ions, K + and gluconate could be estimated using the Goldman equation (Eq. 6). For the relative permeability P K+ /P gluconate , values of 5.3 and 10 were calculated from reversal potentials of -22.4 and −27.7 mV, respectively, indicating that K + was transported 5-10 times more readily across the membrane than gluconate. This definitely reflected membrane properties; electrodiffusion constants in solution would result in a P K+ /P gluconate ratio of only 1.9 (corresponding to an E rev . value of −10 mV). Additional experiments performed in the outside out configuration confirmed this result. From the experiment shown in Fig. 4 , a reversal potential of −25 mV was obtained. For the relative permeability P K+ /P gluconate , a value of 7.1 was calculated. On average, the reversal potential was determined to be −29± 13 mV from outside out experiments (mean value± SD, n = 5; negative prepulse); this corresponded to a mean P K+ /P gluconate value of 12.5.
Effects of supra-physiological voltages on K + channel activity
A preference for K + versus the anion gluconate might indicate that the conductance increase at extreme voltages was, at least in part, due to the activation of K + channels. Both inward-and outward-rectifying K + channels have been characterized during electrophysiological studies on BY-2 protoplasts [27-30; see also data below] and after cloning of K + channel genes from BY-2 cells and heterologous expression in oocytes [30] . Voltage dependence of these K + channels that are active in the physiological voltage range deviates strongly from that reported here (see also below, Table 2 ); however, it was proposed previously that ion channels may be "damaged" by supraphysiological voltages and may thus exhibit an additional "artificial" voltage dependence [31, 32] in response to an extreme polarization of the membrane. In order to test this hypothesis, current-voltage relations in the whole cell configuration covering the supraphysiological voltage range were recorded before and after administration of the K + channel blocker tetraethylammonium (TEA + ) at a concentration of 25 mM that is known to inhibit inward and outward rectifying K + channels in BY-2 cells [29] . As shown in Fig. 5 , addition of TEA + had no effect on the shape of the current-voltage relation;
qualitatively similar results were obtained in 3 other independent experiments. This finding is clearly at variance with the model of Tsong [31] , at least with respect to electro-permeabilization in BY-2 cells. However, the blocker study with TEA + was not sufficient to refute the hypothesis of Tsong unequivocally since channel properties may be affected in such a way that the inhibitor is no longer effective. Further evidence for a "damage" of K + channels may be obtained by monitoring activity of the K + outward rectifier prior to and after challenging the protoplast with supra-physiological voltages. To this end, 1.5 s rectangular pulses were applied in the physiological voltage range before treatment and immediately after imposing 5 pulses to supra-physiological (positive) voltages. Results are summarized in Fig. 6 . Current traces elicited by challenging a protoplast with this protocol are depicted in Fig. 6A . It is obvious from these data that delayed outward currents carried by K + channels (NTORK1; [30] )
were reduced by an extreme polarization of the membrane. This was also reflected by the current-voltage curves shown in Fig. 6B that were calculated from the original traces as exemplified in Fig. 6A ; currents were reduced by more than 60% in this experiment. After establishing the whole cell configuration, K + channel activity was repetitively screened in order to make sure that it was constant and invariant with time; this is shown by plotting the current amplitude versus time (together with the voltage protocol) in Fig. 6C . Successively, 5 pulses to about 250 mV were applied at an interval of about 10 s, and a sustained reduction of K + channel activity was monitored using the same pulse sequence as before. Changes in gating properties of K + channels induced by supra-physiological voltages were analyzed by applying a Boltzmann formalism as described previously [32] [33] [34] . Briefly, the amplitude of tail currents recorded after repolarization of the membrane at the end of each pulse was measured; current amplitudes were leak-corrected, normalized, and plotted against the voltage applied during the preceding conditioning pulse (Fig. 6D) . Fitting the data with a Boltzmann equation (see caption of Fig. 6 ) revealed a positive shift of the midpoint potential (i.e., the voltage at which 50% of the whole channel population was in the open state) by a treatment of the membrane with strong electric fields ( Table 2 ). The apparent minimum gating charge was not affected significantly. These data confirmed that treatment with supraphysiological voltages had an effect on gating of K + channels, but channel activity was reduced instead of being enhanced. Activity of the K + inward rectifier that was only sporadically observed in whole cell experiments was also not enhanced by supra-physiological voltage pulses (data not shown).
Discussion
Studying electroporation with the patch clamp technique on protoplasts derived from tobacco culture cells: comparison with other techniques and cell types
Polarization of the membrane beyond a certain threshold potential induced a dramatic increase in membrane conductance in patch clamp experiments on BY-2 protoplasts both in the whole cell and the outside out configuration. At first glance, this response is reminiscent of the "punch through" effect described for strongly hyperpolarized Characeen cells [16, 17] . However, in Chara, large Cl − currents are activated at a time scale of seconds, whereas in BY-2 cells, both inward and outward currents (predominantly carried by K + ) are elicited in the millisecond and sub-millisecond range once the voltage exceeds the threshold potential. The effects described in this communication are more similar to dielectric breakdown reported for the marine alga V. utricularis that is obviously brought about by a mechanism very different from the "punch through" effect in Chara [19] . However, V. utricularis is not a good model system for (higher) plant cells because of the physiological and structural peculiarities of this species [35, 36] . Moreover, current-voltage curves recorded on these cells result from two membranes in series, plasma membrane and tonoplast, since intracellular microelectrodes are always inserted into the vacuole that takes more than 95% of the cell volume. The data obtained on protoplasts derived from BY-2 cells are more representative of plant cells (and eukaryotic cells in general) and, hence, are more apt to improve our basic understanding of the dielectric breakdown of the plasma membrane. Recently, Flickinger et al. [9] used BY-2 protoplasts stained with the voltage-sensitive dye ANNINE-6 to monitor the generation of a trans-membrane potential difference by exposure to an external electrical field. It was concluded from these measurements that membrane permeabilization started at a membrane potential difference of about 300 mV. Patch clamping performed in this study rendered similar or slightly lower values, even though the pulse duration was very different in both studies (1 μs versus 10 ms); note that pulses in the sub-millisecond range cannot be applied in a controlled way via the patch pipette for technical reasons. Despite this limitation of temporal resolution, studying electroporation with the patch clamp technique has several advantages over alternative techniques: (i) the membrane is homogeneously charged to a defined value; and (ii) most importantly, currents passing the membrane at supra-physiological voltages can directly be measured. This opens up the possibility of a more detailed characterization of the membrane in the permeabilized state, e.g., with respect to relative permeabilities for the ions that permeate the membrane at this conductance state (Figs. 4 and 5) . Hence, the patch clamp technique is a useful tool in electroporation research that has hitherto clearly been undervalued (see Introduction).
Although plant cell protoplasts are a useful and convenient system for studying electroporation in a defined way, it has to be pointed out that they are not representative of an intact plant cell in all respects. Therefore, extrapolation of the results to a true in vivo situation has to be done with care.
Outside out versus whole cell recordings
When outside out patches were exposed to a sequence of 10 mspulses, results were qualitatively similar to those obtained in the whole cell configuration (compare Figs. 1 and 2) . However, the threshold . Under control conditions, the same voltage protocol was applied 5 times in order to make sure that K + channel activity was stable with time. Subsequently, 10 ms-pulses were applied, and K + channel activity was monitored again three times. Currents were strongly reduced by the pulses. D, tail current amplitudes (I tail ) measured at −100 mV plotted as a function of the voltage applied during the preceding 1.5 s-depolarizing pulse (V). To characterize gating properties, data were fitted with a Boltzmann equation:
, with I tail, max = maximum current amplitude, V 1/2 = midpoint potential, δ = apparent minimum gating charge. R, F, and T have their usual meaning.
Parameters obtained from the fit were (control/after pulsing) I tail, max = 0.36/0.11 nA; V 1/2 =29.4/72.4 mV; δ = 2.7/1.6.
potential was significantly higher for membrane depolarization in outside-out patches. Conductances at extreme voltages differed by a factor of only about 10. This is much less than expected from the difference in the exposed membrane surface in both configurations [10] . However, a comparison of the data obtained in both configurations is not straightforward. Outside-out data are not compromised by the discrepancy between clamped potential and actual trans-membrane voltage drop [25] , and capacitive effects interfering with the measurements are much reduced with respect to whole cell recordings, suggesting that excised patches are more suitable for studying electric field effects on membranes. However, it has to be kept in mind that, in excised patches, the membrane is in an unnaturally bent state; this mechanical stress (that is absent in the whole cell configuration) may also affect the results; mechanical deformation of the membrane aspired into the patch pipette was previously considered to be the main reason why Ca 2+ channel activity in single patches did not match the values calculated from whole cell recordings (e.g., reference 37). Fig. 6 , this study), which has been confirmed by heterologous expression of these channels in oocytes [30] . Moreover, the data that are available on these K + channels, e.g., on the outward rectifier NTORK, suggest that they could not give rise to the extremely large current densities reported here (Table 1) . However, some authors [31] hypothesized that (voltage-sensitive) ion channels may sense the extremely strong local field in the membrane that is generated by supra-physiological membrane potentials, and may be "dragged open" under these conditions. In order to test for this possibility, we applied the K + channel blocker TEA + that is known to block K + channel activity in BY-2 cells [29] , but no effect on the supraphysiological current-voltage curve of protoplasts was observed (Fig. 5 ). This provides evidence against a major contribution of K + channels to the voltage-induced permeability increase. It could be argued, though, that the channel structure (with several subunits forming a pore; [38] ) is affected by the electrical field in such a way that the blocker is no longer effective. Unfortunately, it is not possible with our experimental approach to quantify ion channel activity during the application of supra-physiological voltage pulses; however, some information on the effect of high voltages on channel activity can be inferred from a comparison of K + channel activity recorded before and after the application of a series of 10 ms-pulses to voltages exceeding the threshold potential (Fig. 6 , Table 2 ). It was found that pre-treatment by extreme voltages even reduced the activity of the dominant outward-rectifying K + channels in BY-2 cells by at least 50%, suggesting that these channels do not play a major role in membrane permeabilization by electrical fields. The inhibitory effect of supra-physiological voltage pulses on the K + outward rectifier reported here can be explained by its sensitivity to cytosolic Ca
2+
. Electroporation favors an increase in the cytosolic Ca 2+ concentration in BY-2 cells [39] . It has been demonstrated previously that the K + outward rectifier in BY-2 protoplast [29] and other plant cells [40] is down-regulated by elevated cytosolic Ca 2+ concentrations.
EGTA was included in the pipette medium to keep the cytoplasmic Ca 2+ concentration at the desired value (0.1 μM). However, experiments on guard cell protoplasts [41] have shown that EGTA included in the pipette solution does not prevent a massive Ca 2+ influx into the cytoplasm as expected to occur during electro-permeabilization of the membrane. On the basis of our data, it cannot completely be ruled out that the K + outward rectifier (or some other K + selective channel or transporter) is modified by extreme voltages generating a high conductance state. No experimental evidence for the activation of ion channels by supraphysiological membrane potentials was obtained in this study, but the possibility remains that transporters damaged by a strong electrical field lost activity upon return to physiological clamp voltages. A reduction in K + channel activity in response to pulsed electric fields was also reported for skeletal muscle fiber cells [32, 42, 43] . The authors suggested that this effect on ion channel activity resulted from a direct field effect on the protein structure. Independent of different mechanistic interpretations, the effects observed on BY-2 cells and on skeletal muscle fibers bore some similarities but are at variance with the predictions of a non-physiological "burst" of channel activity [27] .
Implications for electroporation theory
Instead, our data are in agreement with the formation of aqueous pores in the membrane as implied by the term "electroporation" and currently favored by the majority of the researchers in this field [1, [5] [6] [7] 44, 45] . This does not rule out that intrinsic membrane proteins are involved in the formation of these pores, but the roles of proteins and lipids organized in lipid rafts [46] for "voltage sensing" and pore formation cannot be inferred from our data. A marked selectivity for K + over gluconate may be explained by the small size of the majority of the pores contributing to this conductance state. Alternatively, the presence of negatively-charged lipids in those membrane-invaginations lining the pore could be responsible for this phenomenon. In the future, more experiments with various ionic substrates will be performed for further clarification. Interestingly, currents elicited by supra-physiological voltages increased even after the 1-2 ms required for membrane charging and tended to level off only at the end of the 10 ms-pulse. This may reflect an increase in pore size in the millisecond range as predicted by theoretical modeling [44, 45] . Since membrane conductance remained voltage-independent once a transition from the low-to the high-conductance state had occurred, the pores are probably formed almost instantaneously in one step but do not increase in size or number when the voltage is increased further.
In conclusion, this study paves the way for a more detailed patch clamp analysis of the electro-permeabilization of (plant) cell membranes. Experiments are under way to investigate the selectivity of the pores formed by supra-physiological voltages and the dependence of threshold potentials on various factors such as mechanical membrane tension, ion strength of the media, temperature, divalent cations, and pH.
